A piezoelectric quartz tuning fork (QTF) has been used to investigate the evaporation of a sessile water droplet with nanogram sensitivity. A water droplet is placed on one facet of a QTF tine and the changes in the resonance frequency and dissipation factor, which are related to the changes in mass and viscous damping, respectively, are measured in situ during the evaporation. Depending on the facet of the QTF tine on which the water droplet is placed, the changes in the frequency and dissipation factor arise in different vibration modes: the flexural or shear modes. The shear mode measurement is affected by the penetration depth, so changes in the frequency and dissipation factor are observed only when the water droplet is sufficiently thin, whereas the changes in the flexural mode measurements are observed during the entire evaporation process. When a droplet of polystyrene nanoparticle suspension is evaporated from the flexural surface, the concentration of the nanoparticle suspension can be determined from the difference in mass between the initial droplet and the dry nanoparticles. In contrast, changes in the physical properties of the suspension are obtained in situ from the evaporation from the shear surface. These results demonstrate that QTFs are useful tools for the investigation of the evaporation of suspensions from solid surfaces. The evaporation of water droplets from solid surfaces is an important topic not only in fundamental research but also in the study of practical applications such as painting and inkjet printing. [1] [2] [3] [4] A number of methods including optical and gravimetric techniques have been developed to investigate the evaporation dynamics of sessile droplets. The optical technique generally utilizes a video-microscope and measures the changes in size of a droplet during evaporation. 5, 6 Although the optical technique is convenient and provides the most direct information about evaporation, it is not appropriate for micro-sized droplets because of its insufficient resolution and the expensive instrumentation required for the fast acquisition of images. Gravimetric techniques, in contrast, can measure the change in mass of a droplet with high sensitivity and are suitable for the investigation of the evaporation of a micro-sized droplet.
Quartz crystal microbalances (QCMs) are among the most popular gravimetric sensors and have been widely used for the detection of gases and biomolecules. 7, 8 When an electric field is applied to the quartz crystal, it vibrates in thickness shear mode, and the change in resonance frequency is directly related to any change in mass. Although QCMs can measure a change in mass of $1 ng, the penetration depth (or decay length) of a conventional 5 MHz quartz crystal in water is just a few hundred nanometers. As a result, the change in mass of a liquid droplet cannot be measured if the height of the liquid droplet is far greater than the penetration depth, which indicates that QCMs can only be used to measure the evaporation of a sufficiently thin water film. 9, 10 In contrast, microcantilever sensors exhibit higher mass sensitivity ($1 pg) than QCMs and vibrate in the flexural mode, which indicates that they have sufficiently large penetration depth and can measure changes in mass throughout evaporation processes. [11] [12] [13] [14] However, the changes in frequency of a microcantilever due to mass loading are significantly affected by the surface stress-induced bending of the cantilever. 15 To overcome the drawbacks of QCMs and microcantilevers in the investigation of the evaporation of water droplets or nanoparticle suspensions, we employed a quartz tuning fork (QTF). Although QTFs vibrate in a flexural mode like that of microcantilevers, their multiple surfaces vibrate in different modes. 16 The changes in the mass and the dissipation factor associated with the shear and flexural modes of the QTF can be obtained independently by depositing each water droplet on a different surface of the QTF tine. In addition, the QTF was used to determine the concentrations of various nanoparticle suspensions. Compared to conventional methods such as TEM image analysis which requires expensive instrumentation and optical absorbance measurements that are not applicable to quantum dots due to the variation of the band gap with the particle size, 17, 18 QTF measurements were found to be a very efficient method for determining nanoparticle concentrations, which is important in the study of nanoparticle toxicity and the dose-response relationship. Further, the changes in the structures of the adsorbed nanoparticles could be obtained in situ by monitoring the evaporation from the shear surface. To the best of our knowledge, this study is the first to demonstrate the use of gravimetric measurements with a QTF to investigate the evaporation of a liquid suspension droplet.
II. EXPERIMENTAL
QTFs were purchased from Sunny Electronics Corp. (Korea) and used immediately after removing the metal cap. Deionized water (18.3 MX cm) was obtained using a reverse osmosis water system (Human Science, Korea). Figure 1 shows a schematic diagram of the quartz tuning fork used in this study. The dimensions of each tine are 250 lm in width (w), 600 lm in thickness (t), and 3400 lm in length (l), and the resonance frequency of the QTF is 32.758 kHz (coefficient of variation ¼ 6.7 Â 10
À6
). The QTF was mounted on a three-dimensional microstage, and a droplet of deionized water was placed on the tine by using a microcapillary tube connected with a syringe pump. Polystyrene nanoparticles (100 nm in diameter, 10 wt. %) in aqueous suspension were purchased from Aldrich (Saint Louis, MO) and used to prepare sample solutions with different concentrations. Two video-microscopes were installed to obtain top-view and side-view images of each water droplet on the tuning fork. Changes in the resonance frequency and the dissipation factor of the QTF were measured by using a multifunctional data acquisition board (PCI-6251, National Instruments, Austin, TX) and a home-built LabVIEW program. Depending on the facet of the QTF tine on which the water droplet is placed, the results were related to the flexural mode (facet A) or the shear mode (facets B and C) vibrations of the QTF. 16 All the measurements were conducted in ambient conditions.
III. RESULTS AND DISCUSSIONS
Figure 2(a) shows time-dependent optical microscopy images of a water droplet during evaporation from facet A. The height of the as-deposited water droplet is $70 lm. Assuming that the droplet has the shape of a square-based dome, the initial volume is $6 nl (6 lg). As evaporation progresses, the height of the droplet decreases with constant contact area (i.e., the contact angle decreases), which indicates that the quartz surface is hydrophilic. If the surface is hydrophobic, evaporation occurs with a constant contact angle and decreasing contact area. 
where m is the mass loaded at the tip of the QTF and M eff is the effective mass of the tuning fork tine. K ¼ E q wt 3 /4l 3 is the spring constant of the QTF, where E q is the Young's modulus of quartz (7.87 Â 10 10 N m
À2
), and l, w, and t are the length, width, and thickness of the tuning fork tine, respectively. Equation (1) can be rearranged as
where C f is the sensitivity factor of the QTF. Due to the uncertainty of the effective mass (M eff ), the sensitivity factor (9.7 Hz/lg) was estimated experimentally by calculating the mass of the water droplet from the optical image. Whereas the sensitivity factor for a liquid droplet was almost constant regardless of the initial volume of the droplet under experimental conditions (4-20 lg), the sensitivity factor for dry nanoparticles was found to be different from that of a liquid droplet because of the presence of viscous damping. To obtain the sensitivity factor of the QTF for dry nanoparticles, the change in frequency due to the addition of a glass bead (90 lm in diameter) was measured. The value of C f was calculated to be 21.4 Hz/lg for dry nanoparticles. The typical noise in the frequency measurements except in the final stage of the evaporation is less than 0.03 Hz, so a change in mass of 3 ng can be detected by using a 32 kHz QTF. Note that the frequency increases gradually during the evaporation and that the change in the dissipation factor is inversely proportional to that in the frequency, which indicates that the dissipation factor is proportional to the mass of the droplet. The results shown in Figure 3 for the evaporation of a water droplet from facet B are in contrast to the good agreement between the optical microscopy and frequency measurements in Figure 2 . Whereas the optical images show that there is a substantial decrease in the volume of the water droplet during evaporation, there are negligible changes in frequency until 40 s and gradual changes between 40 s and 50 s. When the water droplet becomes sufficiently thin after 55 s, there is a rapid change in the frequency, and complete evaporation is evident in both the optical and mass measurements. The small change in frequency before 50 s results from the fact that facet B is parallel to the direction of the oscillation. In this configuration, the QTF responds to the change in mass associated with the shear thickness mode of vibration, in which any change in frequency is affected by the penetration depth. As a result, the change in the frequency after the deposition of the water droplet on facet B is $8 times smaller than that on facet A even though the volume of the water droplet on facet B is approximately 3 times larger than that on facet A.
When one face of the thickness shear mode quartz resonator is in contact with a viscous liquid of infinite extent, the amplitude of the shear waves (W) decreases exponentially as follows:
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where z and W 0 are the depth of the liquid and the amplitude of the shear wave at z ¼ 0 (i.e., at the liquid-crystal interface), respectively. As a result, the penetration depth corresponds to the depth at which the amplitude of the shear wave is equal to 1/e of its surface value. The penetration depth (d) is related to the viscosity ðg L Þ and density ðq L Þ of the liquid and the resonance frequency of the unloaded resonator (f 0 ) by
According to Eq. (4), the penetration depth for water contacting a shear-mode quartz resonator operating at 32 kHz is only 3.1 lm. Although this penetration depth of the 32 kHz QTF is much larger than that of a 5 MHz QCM ($240 nm), the frequency of the thickness shear mode QTF undergoes little change during evaporation if the thickness of the water droplet is greater than 3.1 lm. As a result, the frequency change in the thickness shear mode during evaporation was not converted to a mass change in the present work. The dissipation factor decreases during evaporation with a similar trend to that of the frequency: a slow change in the beginning and a rapid change during the final stage. The rapid decrease in the dissipation factor in Figure 3(b) indicates that most of the viscous damping in the thickness shear mode occurs at the interface between the water and the QTF surface. Figure 4(a) shows the changes in the frequency and the dissipation factor of the QTF during the evaporation of suspensions with various concentrations of polystyrene nanoparticles from facet A. The changes in frequency and dissipation factor are similar to the results for water evaporation shown in Figure 2(b) : evaporation increases the resonance frequency and decreases the dissipation factor of the QTF. The mass of the droplet is not tightly controlled, so the change in frequency due to the deposition of each droplet is not constant. After complete evaporation of each suspension, the mass of dry polystyrene nanoparticles was measured. Then the concentration of the nanoparticle solution was calculated by dividing the mass of dry nanoparticles by the initial mass of the suspension. concentrations of polystyrene nanoparticles. Whereas the evaporation dynamics of dilute polystyrene suspensions (<0.1 wt. %, the result for 0.01 wt. % is not shown here) is similar to that of deionized water, different results were observed for the concentrated suspensions (5.0 and 10 wt. %). Although the mass of a liquid suspension decreases during evaporation, so the frequency is expected to increase, a decrease in frequency was observed for the concentrated suspensions. The decrease in frequency occurs earlier for the suspensions with higher concentrations, which is attributed to an increase in the penetration depth. As the evaporation progresses, the viscosity of the suspension increases, which increases the penetration depth, as shown in Eq. (4). This increase in the penetration depth induces an increase in the dissipation factor and thus a decrease in the frequency. No decrease in frequency is observed for the dilute suspensions (0.1 and 0.01 wt. %) because the decrease in mass due to water evaporation dominates the effects of evaporation on the frequency. Note that the evaporation dynamics of a 1 wt. % suspension shows intermediate behaviors: change in frequency is similar to that of concentrated suspensions, whereas change in dissipation is similar to dilute suspensions. The rapid increase in the frequency during the final stage of the evaporation is associated with a change in the structure of the adsorbed nanoparticle film. Before complete evaporation, the nanoparticles adsorbed on the QTF surface are still somewhat mobile due to the presence of residual water. As the residual water evaporates, viscous damping decreases and the frequency increases rapidly.
IV. CONCLUSION
In summary, we used a QTF to investigate the evaporation dynamics of sessile liquid droplets of deionized water and nanoparticle suspensions. In contrast to a conventional QCM, which operates only in thickness shear mode, or a microcantilever sensor, which operates only in flexural mode, QTFs can be operated in either mode simply by placing the liquid droplet on a different surface of the tine. The changes in resonance frequency and dissipation factor depend on the operation mode because the thickness shear mode and the flexural mode have different penetration depths. The results from the evaporation of the nanoparticle suspension show that shear mode operation is suitable for the investigation of the changes in the physical properties of the suspension whereas the flexural mode operation is suitable for the determination of the nanoparticle concentration, which demonstrates the significance of the mass measurement in a different mode. The diverse operation modes of the QTF are expected to be very useful to research into the evaporation and drying of liquids from solid surfaces.
